We propose schemes to prepare atomic entangled states in a bi-mode cavity via stimulated Raman adiabatic passage (STIRAP) and fractional stimulated Raman adiabatic passage (f-STIRAP) techniques. According to the simulation results, our schemes keep the cavity modes almost unexcited and the atomic excited states are nearly unpopulated during the whole process. The simulation also shows that the error probability is very small.
I. INTRODUCTION
Entanglement, especially high dimensional entanglement, has been recognized as the crucial ingredient in many quantum information processes, such as quantum communication [1, 2, 3, 4, 5] , quantum computation [6, 7, 8] . Thus more and more attention has been paid to generating qubit or qudit entangled states in cavity QED [9, 10, 11, 12, 13, 14, 15, 16, 17] , ion trap [18, 19, 20] , superconducting qubit [21, 22, 23, 24] , linear optical system [25, 26] , semiconductor quantum dot [27, 28] , and so on.
The technique of stimulated Raman adiabatic passage (STIRAP), which was shown theoretically [29] and implemented experimentally in population transfer process in molecules and atoms [30, 31] , has been broadly used in quantum information processing (QIP) [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42] . In this technique are involved two delayed, but partly overlapping pulses -pump and Stokes -with the Stokes pulse applied first. L. Wang et al [43] experimentally and theoretically demonstrate that the atomic coherence can be completely transferred or arbitrarily distributed among the different levels in a four-level atomic (tripod) scheme by STIRAP. An extension of STIRAP, called fractional stimulated Raman adiabatic passage (f-STIRAP) [44, 45, 46, 47] , allows the creation of a coherent superposition of two ground states in Λ-type system. Different from STIRAP, the f-STIRAP requires that the two pulses vanish at a constant finite ratio of amplitudes. Wang et al [48] have demonstrated storage and selective release of a light pulse in a Pr:YSO crystal, which is based on atomic spin coherence created by the f-STIRAP.
In this Brief Report, we present schemes for generating entangled states of two qubits and two qutrits via STIRAP or f-STIRAP techniques. Two 87 Rb atoms are trapped in an optical cavity and drived by two different lasers. By choosing appropriate parameters we can create entangled atomic states. According to the simulation results, our schemes keep the cavity modes almost unexcited and the atomic excited states are nearly unpopulated during the whole process. The simulation also shows that the error probability is very small.
II. THE FUNDAMENTAL MODEL
We consider the situation described in Figure 1 , where two atoms are trapped in a bi-mode optical cavity. The relevant atomic levels and transitions are also depicted in this figure; such level structures can be achieved in 87 Rb [49, 50] . The states |g L , |g 0 , |g R and |g a correspond to 87 Rb atom hyperfine levels |F = 1, m F = −1 , |F = 1, m F = 0 , |F = 1, m F = 1 of 5S 1/2 and |F = 2, m F = 0 of 5S 1/2 , while |e L , |e 0 and |e R correspond to |F = 1, m F = −1 , |F = 1, m F = 0 and |F = 1, m F = 1 of 5P 3/2 . Initially, the atoms A and B are prepared in the state |g a A and |g 0 B respectively, and the cavity mode is in the vacuum state. The atom A's transition |g a A ↔ |e 0 A is driven resonantly by a π-polarized classical field with Rabi frequency Ω A ; |e 0 A ↔ |g R A (|e 0 A ↔ |g L A ) is resonantly coupled to the cavity mode a R (a L ) with coupling constant g A . The atom B's transition |g L B ↔ |e L B (|g R B ↔ |e R B ) is driven resonantly by a π-polarized classical field with Rabi frequency Ω B ; |e L B ↔ |g 0 B (|e R B ↔ |g 0 B ) is resonantly coupled to the cavity mode a R (a L ) with coupling constant g B . In the rotating wave approximation, the interaction Hamiltonian can be written as (setting = 1) Rb atoms are trapped in a bi-mode cavity. The states |gL (|eL ), |g0 (|e0 ), and |gR (|eR ) correspond to the 87 Rb atom hyperfine levels F = 1 of 5S 1/2 (5P 3/2 ), while |ga corresponds to F = 2, mF = 0 of 5S 1/2 . The atom A's transition |ga A ↔ |e0 A is driven resonantly by a π-polarized classical field with Rabi frequency ΩA; |e0 A ↔ |gR A`| e0 A ↔ |gL Aí s resonantly coupled to the cavity mode aR (aL) with coupling constant gA. The atom B's transition |gL B ↔ |eL B |gR B ↔ |eR B´i s driven resonantly by a π-polarized classical field with Rabi frequency ΩB; |eL B ↔ |g0 B`| eR B ↔ |g0 Bí s resonantly coupled to the cavity mode aR (aL) with coupling constant gB.
In the following we write the state of the system as |A, B, n R , n L , where A and B denote the states of the atoms, and n L.R the number of L or R polarized photons of the cavity. The subspace S spanned by states {|g a , g 0 , 0, 0 ,
subspace of the Hamiltonian (1). It can be verified that in the subspace S, the Hamiltonian has the following dark state:
where we assume g i , Ω i are real, and
we have
III. GENERATION OF A TWO-QUBIT ENTANGLED STATE VIA STIRAP
Suppose the initial state of the system is |g a , g 0 , 0, 0 , if we design pulse shapes and sequence such that
c , which is a product state of the two-atom entangled state and the cavity mode vacuum state.
The pulse shapes and sequence can be designed by an appropriate choice of the parameters. The coupling rates are chosen such that g A (t) = g B (t) = g, laser Rabi frequencies are chosen as
and Ω B (t) = Ω 0 exp −1/200t 2 /τ 2 , with t 0 = 2τ being the delay between pulses [32] . With this choice, conditions (5) and (6) are satisfied.
To evaluate the performance of our scheme, we now consider the dissipative processes due to spontaneous decay of the atoms from the excited states and the decay of cavity. The evolution of the system is governed by the nonHermitian Hamiltonian
where κ is the cavity decay rate and γ is the atomic spontaneous emission rate. Here we assume that three excited states |e R , |e L , and |e 0 have the same spontaneous emission rate γ, and the two cavity modes possess the same loss rate κ. Figure 2 shows the simulation results of the two-qubit entanglement generation process, where we choose
0 , the cavity decay rate and the atomic spontaneous emission rate κ = γ = 0.005g [51, 52] . The Rabi frequencies of Ω A (t), Ω B (t) are shown in Fig. 2(a) . Figure 2(b) shows the time evolution of populations, in which P 1 , P 5 , and P 8 denote the populations of the states |g a , g 0 , 0, 0 , |g L , g R , 0, 0 , and |g R , g L , 0, 0 , and the populations of the states {|e 0 , g 0 , 0, 0 , |g L , g 0 , 0, 1 , |g L , e R , 0, 0 , |g R , g 0 , 1, 0 , |g R , e L , 0, 0 } are almost zero during the whole dynamics. Finally P 5 and P 8 arrive at 0.5 and P 1 approaches 0, which means the successful generation of the two qubit entangled state. Figure 2(c) shows the error probability defined by [53] :
here |ϕ s (t) is the state obtained by the simulation and |D(t) is the dark state defined by Eq. (2). In Figure 2 (d), the probability P p with which one photon appears in the cavity is shown. Figure 2 (e) shows the population P ea of the atoms in excited state |e i (i = L, 0, R). From Figures 2(c)-2(e) we conclude that we can prepare the two qubit entangled state with high success probability.
IV. GENERATION OF A TWO-QUTRIT ENTANGLED STATE VIA F-STIRAP
the system will end up in the state 1/
c , which is a product state of the three-dimensional entangled state of the two atoms and the cavity mode vacuum state. We choose the pulses g A (t), Ω A (t), g B (t), and Ω B (t) the same as in Sec. III, i.e. g A (t) = g B (t) = g, Figure 3 shows the simulation results of the two-qutrit entanglement generation process, where we choose g, Ω 0 , τ , κ, and γ the same as in Figure 2 . The Rabi frequencies of Ω A (t), Ω B (t) are shown in Fig. 3(a) . Figure 3(b) shows the time evolution of populations, in which P 1 , P 5 , and P 8 denote the populations of the states |g a , g 0 , 0, 0 , |g L , g R , 0, 0 , and |g R , g L , 0, 0 , and the populations of the states {|e 0 , g 0 , 0, 0 , |g L , g 0 , 0, 1 , |g L , e R , 0, 0 , |g R , g 0 , 1, 0 , |g R , e L , 0, 0 } are almost zero during the whole dynamics. Finally P 1 , P 5 , and P 8 arrive at 1/3, which means the successful generation of the two qutrit entangled state. Figure 3(c) shows the error probability during the process. In Figure 3(d) , the probability P p with which one photon appears in the cavity is shown. Figure 3 (e) shows the population P ea of the atoms in excited state |e i (i = L, 0, R). From Figures 3(c)-3(e) we conclude that we can prepare the two qutrit entangled state with high success probability. 
V. CONCLUSION
In summary, based on the STIRAP and f-STIRAP techniques, we have proposed two schemes to generate entanglement of two 87 Rb atoms in a bi-mode cavity. According to the simulation results, in the schemes for creation of atomic entanglement states, the cavity mode, and the atomic excited states are nearly not populated, so these schemes are hardly influenced by the atomic spontaneous emission and the cavity decay. The error probability is also very small during the process. 
